Aims: Sepsis-caused multiple organ failure remains the major cause of morbidity and mortality in intensive care units. Nicotinamide riboside (NR) is a precursor of nicotinamide adenine dinucleotide (NAD + ), which is important in regulating oxidative stress. This study investigated whether administration of NR prevented oxidative stress and organ injury in sepsis. Methods: Mouse sepsis models were induced by injection of lipopolysaccharides (LPS) or feces-injection-inperitoneum. NR was given before sepsis onset. Cultured macrophages and endothelial cells were incubated with various agents. Results: Administration of NR elevated the NAD + levels, and elicited a reduction of oxidative stress, inflammation and caspase-3 activity in lung and heart tissues, which correlated with attenuation of pulmonary microvascular permeability and myocardial dysfunction, leading to less mortality in sepsis models. These protective effects of NR were associated with decreased levels of plasma high mobility group box-1 (HMGB1) in septic mice. Consistently, pre-treatment of macrophages with NR increased NAD + content and reduced HMGB1 release upon LPS stimulation. NR also prevented reactive oxygen species (ROS) production and apoptosis in endothelial cells induced by a conditioned-medium collected from LPS-treated macrophages. Furthermore, inhibition of SIRT1 by EX527 offset the negative effects of NR on HMGB1 release in macrophages, and ROS and apoptosis in endothelial cells. Conclusions: Administration of NR prevents lung and heart injury, and improves the survival in sepsis, likely by inhibiting HMGB1 release and oxidative stress via the NAD + /SIRT1 signaling. Given NR has been used as a health supplement, it may be a useful agent to prevent organ injury in sepsis.
Introduction
Sepsis-caused multiple-organ failure is the leading cause of deaths in intensive care unit patients [1, 2] . In spite of extensive research, treatment for this fatal condition remains largely supportive without any specifically effective therapies [3] .
organ injury and represents a therapeutic target for sepsis [10] . The circulating HMGB1 level was reported to reflect the disease severity in the clinical and experimental ALI [11] and HMGB1 directly mediates myocardial dysfunction in a mouse model of sepsis [12] . Nevertheless, the pathogenesis of ALI and myocardial dysfunction in sepsis has not been fully understood and therapeutic approaches are limited. Experimental evidence has shown that approaches targeting to inhibit oxidative stress are beneficial in animal models of sepsis and in clinical trials with septic patients [13] , which underscores the importance of oxidative stress in septic organ injury.
Nicotinamide riboside (NR) is a nutrient naturally present in the human diet (e.g. milk) and a widely used health supplement. It is a pyridine-nucleoside form of vitamin B3 that functions as a precursor to nicotinamide adenine dinucleotide (NAD + ). NR is converted into NAD + sequentially by NR kinase 1/2 and nicotinamide mononucleotide adenylyltransferase [14, 15] . Thus, administration of NR efficiently boosts intracellular NAD + levels, and protects against various chronic health issues such as aging and metabolic syndrome [16] [17] [18] [19] . It is well known that NAD + is a co-enzyme in all living cells, which drives poly (ADP-ribose) polymerases (PARPs) and sirtuin (SIRT) reactions [20] . In metabolism, NAD + is involved in redox reactions. NAD + accepts electrons and becomes NADH. Both SIRT signaling and redox reactions are important in regulation of cellular oxidative stress. While PARPs consume NAD + to repair damaged DNA, the SIRT family requires NAD + for activation. Among seven family members of the SIRT family, SIRT1 is best characterized and controls various functions including cell differentiation, energy metabolism, circadian rhythm, stress responses and cell survival. Emerging evidence has manifested that SIRT1 exerts a protective role in sepsis [21] [22] [23] [24] . Interestingly, NAD + is decreased in sepsis [25, 26] . Thus, it is plausible that NR may be beneficial in sepsis.
In this study, we investigated whether treatment with NR prevented oxidative stress and organ injury in sepsis. We demonstrated that administration of NR reduced lung and heart injury, and improved the survival in septic mice, likely by inhibiting high mobility group box-1 (HMGB1) release and oxidative stress through the NAD + /SIRT1 signaling.
Materials and methods

Animals and experimental procedures
This investigation conforms to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23). All experimental procedures were approved by the Animal Use Subcommittee at the Western University, Canada. C57BL/6 mice were purchased from the Jackson Laboratory.
Sepsis was induced in mice (male and aged 2 months) by fecesinjection-in-peritoneum (FIP) as previously described [24] . Mice received a same volume of saline as sham controls. A single dose of NR (100, 300 or 500 mg/kg body weight) or vehicle was intraperitoneally injected into mice 30 min before saline or feces administration. These doses of NR were chosen because the lowest-observed-adverse-effect for this formulation was reported to be 1000 mg/kg/day in rodents [27] . A total of 6 groups with 15 mice were included: (1) Saline + Vehicle, (2) Saline + NR (300 mg/kg), (3) FIP + Vehicle, (4) FIP + NR (100 mg/ kg), (5) FIP + NR (300 mg/kg), and (6) FIP + NR (500 mg/kg). Doses of 300 and 500 mg/kg for NR were chosen to analyze the dose-dependent response. Septic and their relevant sham mice were killed at 6 h after FIP as we previously described [24] , and serum, heart and lung tissues collected for further analyses. No death was observed for the acute study within 6 h after FIP.
For survival analysis, a single dose of NR (300 mg/kg body weight, i.p.) or vehicle was given at 30 min before FIP in mice. Two groups of septic mice (FIP + Vehicle and FIP + NR) with 17 mice in each group were monitored for 24 h after FIP.
Endotoxemia was induced in mice (male and aged 2 months) by intraperitoneal injection of lipopolysaccharides (LPS, 4 mg/kg body weight, Sigma) and sham mice received a same volume of sterile saline. A single dose of NR (300 mg/kg body weight; Biochempartner, China) or vehicle was intraperitoneally injected into mice 30 min before saline and LPS administration. This dose of NR was chosen based on previous reports that showed that a dose of 300 mg/kg body weight was safe [27] and efficiently increased the content of NAD + in liver and muscle in mice [15, 28] . Four groups were included with 10 mice in each group: (1) Saline + Vehicle, (2) Saline + NR, (3) LPS + Vehicle, and (4) LPS + NR. Endotoxemic mice and their relevant sham mice were killed at 4 h after LPS injection as we previously described [24] , and serum and lung tissues collected. No death was observed in LPS-injected mice. All animals were given sterile saline (1 ml) containing the buprenorphine (4 µg/ml) subcutaneously immediately after feces, LPS or saline injection, and then at 6 h intervals as appropriate.
Echocardiography
Animals were lightly anaesthetized with inhaled isoflurane (1%) and imaged on a warm handling platform using a 40 MHz linear array transducer attached to a preclinical ultrasound system (Vevo 2100, FUJIFILM Visual Sonics, Canada) with nominal in-plane spatial resolution of 40 µm (axial) × 80 µm (lateral) as we described recently [29] . Left ventricular (LV) end-systolic inner diameter (LVIDs), LV enddiastolic inner diameter (LVIDd), fractional shortening (FS), and ejection fraction (EF) were analyzed.
Cell culture and treatments
Mouse macrophage cell line RAW264.7 was obtained from ATCC (USA) and cultured in DMEM containing 10% fetal bovine serum (FBS). After incubation with NR for 36 h, RAW264.7 cells were exposed to LPS (100 ng/ml in culture medium) for 24 h. The cells and supernatants were assayed for HMGB1 protein.
Mouse cardiac microvascular endothelial cells were purchased from CELLutions Biosystems (Cedarlane Laboratories, Hornby, ON, Canada) and cultured in DMEM containing 5% FBS. Endothelial cells were pretreated with NR for 12 h, and then the culture medium was replaced with a conditioned-medium collected from RAW264.7 cells stimulated with LPS or saline for 24 h. Twelve hours later, the cells were collected for further analysis.
Mouse pulmonary microvascular endothelial cells were obtained from Cell Biologics (Cedarlane Laboratories, Hornby, ON, Canada) and cultured in DMEM containing 20% FBS and growth factors. Endothelial cells were pretreated with NR for 12 h, and then the culture medium was replaced with a conditioned-medium from RAW264.7 cells stimulated with LPS or saline for 24 h. Six hours later, the cells were collected for further analysis.
Measurement of pulmonary microvascular permeability
Pulmonary microvascular permeability in mice was assessed using Evans blue dye as previously described [24] . Briefly, mice were injected with 0.4% Evans blue solution (50 mg/kg) via caudal vein 30 min before euthanasia. After flashing with 10 ml PBS, the lungs were removed, weighted and homogenized with PBS. The tissue lysates were mixed with 2 ml of formamide, and then incubated at 60°C for 16 h. The samples were centrifuged at 20,000g at 4°C for 5 min, and the supernatant was used to determine the concentration of Evans blue by spectrophotometry (620, 740 nm). The microvascular permeability was assessed by the leak of Evans blue in lung tissues [Evans Blue (ug)/ Lung weight (g) × 10/30] (ug EB/g Lung/min).
Determination of apoptosis
Caspase-3 activity in endothelial cells, and lung and heart tissues was assessed by using a caspase-3 fluorescent assay kit (BIOMOL Research Laboratories) in accordance with the manufacturer's instructions. To localize cells undergoing nuclear DNA fragmentation in lung, in situ terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) was performed as described previously [30] . DNA fragmentation was determined using a cellular DNA fragmentation ELISA kit (Roche Applied Science, Germany) in endothelial cells according to the manufacturer's instructions.
Measurement of myeloperoxidase (MPO) activity
MPO activity in lung and heart tissues was determined as previously described [31] .
Assessment of MDA production and carbonyl protein content
The levels of malondialdehyde (MDA) and carbonyl protein content in lung and heart tissues were determined using a TBARS assay kit and Protein Carbonyl Colorimetric Assay Kit (Cayman Chemical Company, USA), respectively, following the manufacturer's instructions.
Histological examination
Lung tissues were fixed in 4% paraformaldehyde at 4°C for 48 h, and then embedded in paraffin wax, sectioned (5 µm) and processed for H&E staining.
NAD
+ assay NAD + was extracted from cells or tissues and measured by NAD/ NADH Microplate Assay Kit (Cohesion Biosciences, UK) according to manufacturer's instructions.
Western blotting analysis
Ten microliters of serum or culture medium were assayed for the protein levels of HMGB1 by western blot analysis (1:1000 dilution, Sigma Aldrich, USA). Cells were homogenized and 40 μg of cell lysates were loaded on SDS-PAGE gels. After electrophoresis, the separate proteins were transferred onto Bio-Rad PVDF membranes. The membranes were incubated with antibodies against HMGB1 (1:1000 dilution, Sigma Aldrich, USA), acetylated p65 and p65 (1:1000 dilution, Cell Signaling Technology, USA) or GAPDH (1:5000 dilution, Santa Cruz Biotechnology, USA), respectively, followed by secondary relevant antibodies conjugated with horseradish peroxidase. The signals were then developed using an enhanced version of the chemiluminescence reaction.
Dihydroethidium staining
After various treatments, mouse cardiac microvascular endothelial cells were incubated with dihydroethidium (DHE, 5 μM, Thermo Fisher Scientific, USA) for 15 min to determine ROS production (red color). Nuclei were stained by Hoechst 33342 (Thermo Fisher Scientific, USA, blue color). ROS production was visualized under fluorescent microscope (red color for ROS and blue color for nucleus). A cell permeable superoxide dismutase (PEG-SOD, 100 units/ml, Sigma, USA) was used to verify ROS production.
Statistical analysis
All data are presented as mean values ± SD. One-way or two-way analysis of variance followed by Newman-Keuls test was performed for multi-group comparisons, as appropriate. Student t-test was used for 2-group comparison. Survival curves were created by the method of Kaplan and Meier, and compared by the log-rank test. A value of P < 0.05 was considered statistically significant.
Results
Administration of NR prevents oxidative damage and apoptosis, alleviates lung and heart injury, and improves the survival in sepsis
It was reported that the levels of NAD + were decreased in liver tissues from a mouse model of CLP-induced sepsis [25] . In line with this prior finding, we showed that the levels of NAD + in lung tissues were also reduced after FIP injection (Fig. 1A) . At 6 h after receiving NR, there was about 3-fold increase in NAD + levels in mouse lung tissues (Fig. 1B) . We then determined whether administration of NR reduced lung injury in a mouse model of FIP-induced sepsis, a clinically relevant model. Consistent with previous studies [24, 32] , sepsis caused oxidative damage as evidenced by elevated MDA production and carbonyl protein content ( Fig. 2A and B) , induced apoptosis as determined by increases in caspase-3 activity and TUNEL positive cells (Fig. 2D and E) , promoted infiltration of neutrophils and/or macrophages as shown by increased MPO activity (Fig. 2F) , and increased pulmonary microvascular permeability in lung tissues (Fig. 2G) , indicative of lung injury. These lung injuries were slightly reduced by a low dose of NR (100 mg/ kg, data not shown), but significantly attenuated by NR at 300 mg/kg and further decreased by NR at 500 mg/kg ( Fig. 2A-G) . Histological analysis manifested highly inflammatory cell infiltration, alveolar wall edema and thickening in lung from septic mice, confirming lung injury (Fig. 3A) . Again, these pathological changes were reduced by NR in septic mouse lung. Similarly, administration of NR (300 mg/kg) reduced lung injury in LPS-induced endotoxemic mice (Fig. 3A-E) .
Administration of NR (500 mg/kg) attenuated myocardial dysfunction in septic mice as evidenced by increased FS% and EF% ( Fig. 4A and  B) . The improvement of myocardial function was associated with decreased MDA production, carbonyl protein content, MPO activity and caspase-3 activity in septic mouse hearts (Fig. 4C-F) . As a consequence, NR significantly improved the survival in mice at 24 h after onset of sepsis (Fig. 5A) . Together, these results demonstrate that administration of NR prevents organ injury (heart and lung) and improves the survival in sepsis.
NR reduces serum HMGB1 levels in endotoxemic and septic mice
To explore the mechanisms by which NR provided protective effects, we focused on HMGB1 as the circulating HMGB1 levels were reported to correlate with the disease severity in ALI and HMGB1 directly impaired myocardial function in sepsis [11, 12] . Thus, we examined HMGB1 release in endotoxemic and septic mice. The levels of circulating HMGB1 were dramatically increased in LPS-injected mice and FIP-induced septic mice, both of which were prevented by NR pretreatment (Fig. 5B and C) . These results suggest that the protective effects of NR may be associated with inhibition of HMGB1 release in sepsis.
NR inhibits LPS-induced HMGB1 release in macrophages, which is abolished by addition of SIRT1 inhibitor
Macrophages are one of major sources for circulating HMGB1 [33] . Therefore, we determined the effect of NR on HMGB1 release directly in cultured macrophages (RAW264.7). LPS dose-dependently induced HMGB1 release in culture medium starting from 4 h after LPS stimulation in macrophages (Supplementary material Fig. 1 ). NR increased cellular NAD + content (Fig. 1C) . Pre-treatment with NR dose-dependently reduced HMGB1 release in macrophages induced by LPS for 24 h (Fig. 6A and B) . Similarly, LPS-induced HMGB1 release was also prevented by a selective inhibitor of cyclooxygenase-2, NS-398 (Supplementary material Fig. 2A ). These results suggest that NR and some anti-inflammatory reagents (e.g. cyclooxygenase-2 inhibitor) may share similar mechanisms in reducing septic organ injury. It is well known that HMGB1 is located in the nucleus under physiological conditions. However, it may be modified by acetylation and translocate into the cytoplasm and then released from activated cells [34] . Thus, deacetylation of HMGB1 by SIRT1 prevents its translocation from nucleus to cytoplasm and subsequent release [35] . To examine whether NR inhibited HBGM1 release through SIRT1 signaling, we preincubated macrophages with NR or vehicle for 36 h and then exposed them to LPS or saline in the presence or absence of EX527, a specific inhibitor of SIRT1 for 24 h. First, we determined SIRT1 activation by analyzing acetylation of p65 protein. LPS significantly induced acetylation of p65, which was reversed by NR, and this effect of NR on LPSinduced p65 acetylation was offset by EX527 (Fig. 1D) . These results suggest that NR activates SIRT1 signaling in macrophages. We then analyzed HMGB1 release. As shown in Fig. 6D-F , the inhibitory effect of NR on HMGB1 release was prevented by EX527 in a dose-dependent manner. Taken together, these results support that NR inhibits LPS-induced HMGB1 release through the SIRT1 signaling.
NR attenuates LPS-conditioned medium-induced apoptosis in endothelial cells through the SIRT1 signaling
It has been reported that the loss of endothelial cells via apoptosis is implicated in endothelial barrier dysfunction and organ damage during sepsis [36] . Having shown that NR prevented HMGB1 release in macrophages, we would like to answer whether NR protects endothelial cells against inflammatory injury. To address this, we incubated macrophages (RAW264.7) with LPS for 24 h and collected the supernatants as inducers of inflammatory injury as they include a mixture of ), caspase-3 activity (E) and MPO activity (F) were determined in lung tissues, and pulmonary microvascular albumin leak was measured (G). Data are mean ± SD (n = 5-7 mice in each group). * P＜0.05 vs sham or vehicle, † P＜0.05 vs vehicle + feces.
inflammatory factors including HMGB1. We then exposed cardiac microvascular endothelial cells to the conditioned-medium from LPS-stimulated macrophages. The medium from saline-treated macrophages served as a control. The LPS-conditioned medium time-dependently increased caspase-3 activity and DNA fragmentation ( Fig. 7A and B) . On the contrary, saline-conditioned medium did not induce apoptosis in endothelial cells (Fig. 7A and B) . Administration of NR dose-dependently increased NAD + content (Fig. 1E) , and reduced LPS-conditioned medium-induced caspase-3 activity and DNA fragmentation in endothelial cells (Fig. 7C and D) . The inhibitory effect of NR on apoptosis was abolished by pretreatment with EX527 in LPS-conditioned medium-stimulated endothelial cells ( Fig. 7E and F) . Similarly, inhibition of cyclooxygenase-2 with NS-398 attenuated apoptosis induced by LPS-conditioned medium (Supplementary material Fig. 2B ). Although there has been no evidence that cardiac and pulmonary microvascular endothelial cells respond differently to inflammatory injury, we examined such response in pulmonary microvascular endothelial cells. Our result revealed a similar anti-apoptotic effect of NR in pulmonary microvascular endothelial cells stimulated with LPS-conditioned medium (Supplementary material Fig. 3 ). Thus, our results demonstrate that NR effectively protects against endothelial cell apoptosis under a septic condition through the SIRT1 signaling. 
NR reduces LPS-conditioned medium-induced oxidant stress in microvascular endothelial cells, which is reversed by EX527
Overproduction of ROS and subsequently oxidative damage are important mechanisms for sepsis-induced organ damage [13] . Our in vivo study has shown that NR prevented MDA production and carbonyl protein content, indicative of decreased oxidative damage. In this study, we determined whether NR also prevents oxidant stress in endothelial cells under a septic condition. We pre-treated cardiac microvascular endothelial cells with NR and then incubated them with LPSconditioned medium or saline-conditioned medium from macrophages in the presence of EX-527 or vehicle in combination with a cell permeable superoxide dismutase, PEG-SOD. Four hours later, the intracellular ROS levels markedly increased in endothelial cells stimulated with LPS-conditioned medium compared with saline-conditioned medium, which was completely inhibited by PEG-SOD, confirming the generation of ROS. NR pretreatment also prevented ROS production in macrophages induced by LPS-conditioned medium. However, the presence of EX527 abolished the inhibitory effect of NR on ROS production. PEG-SOD reversed the effect of EX527 on ROS production (Fig. 8A) . Similarly, NR prevented LPS-conditioned medium-induced carbonyl protein content. This inhibitory effect of NR was offset by EX527. In addition, PEG-SOD abrogated the effects of LPS-conditioned medium and EX527 on carbonyl protein content (Fig. 8B) . These results indicate that NR inhibits oxidant stress through SIRT1 signaling under a septic condition.
Discussion
Currently, therapeutic approaches to reduce lung injury and myocardial dysfunction are limited in sepsis. In this study, we report that pre-administration of NR prevented lung injury and myocardial dysfunction, and improved the survival in septic mice. Mechanistically, we demonstrate that NR inhibited HMGB1 release and prevented oxidative stress under septic conditions through the NAD + /SIRT1 signaling. To the best of our knowledge, this is the first report that NR provides protection against organ injury in sepsis. NAD + is required for SIRT1 activation. In sepsis, inhibition of SIRT1 enhanced whereas pharmacological activation of SIRT1 attenuated organ injury in mice [21] [22] [23] [24] . Thus, the protection conferred by NR may be attributed to NAD + biosynthesis and subsequent SIRT1 activation in sepsis. In fact, the present study shows that inhibition of SIRT1 abrogated the protective effects of NR in endothelial cell injury under septic conditions. Furthermore, we discovered that NR pretreatment markedly reduced plasma HMGB1 levels in septic mice, which correlated with an attenuation of lung injury and myocardial dysfunction in septic mice. Studies have demonstrated that hyper-acetylation of HMGB1 promotes its nucleus-to-cytoplasm translocation and release in activated immune cells [37] . SIRT1 induces de-acetylation of HMGB1 and thus, inhibits its release. Thus, we believe that NR/NAD + /SIRT1 signaling contributed to a reduction in plasma HMGB1 levels in septic mice, observed in the present study. This was indeed supported by our in vitro study in macrophages, in which LPS-induced HMGB1 release was inhibited by NR and this negative effect of NR was dose-dependently prevented by SIRT1 inhibitor. Given HMGB1 is an important pro-inflammatory mediator, the present finding suggests that NR provides anti-inflammatory effects in lung and heart under septic conditions. Further evidence in support of this possibility is that infiltration of neutrophils and/or macrophages was significantly attenuated in NRtreated mouse lung and heart tissues during sepsis. SIRT1 has also been implicated in anti-oxidant stress and antiapoptosis in different experimental scenarios [38] . In line with this, the present study shows that NR protected endothelial cells against apoptosis and oxidative damage induced by inflammatory response. Several lines of evidence support this finding. Firstly, administration of NR prevented oxidative damage and apoptosis in lung and heart tissues of both endotoxemic and septic mice. Secondly, NR protected endothelial cells against apoptosis induced by a conditioned-medium from LPS- stimulated macrophages. This LPS-conditioned medium contained a mixture of pro-inflammatory factors including HMGB1 and pro-inflammatory cytokines released from macrophages. Thirdly, NR inhibited ROS production in endothelial cells induced by a conditionedmedium from LPS-stimulated macrophages. Lastly, these inhibitory effects of NR on apoptosis and ROS production were not observed in endothelial cells in the presence of SIRT1 inhibitor. These results provide direct evidence to support that NR protects endothelial cells against oxidative stress and inflammatory injury through SIRT1 signaling. Taken together, our observations are consistent with a model whereby NR induces NAD + /SIRT1 signaling and inhibits oxidative stress, which not only prevents pro-inflammatory response and inflammation, but also provides protection against inflammatory injury in sepsis.
Previous studies revealed a reduction in NAD + levels in lung tissues of endotoxemic rats (by about 200%) and livers of septic mice (by about 380%) [25, 26] . The present study also shows lower NAD + levels in lungs of septic mice than those in sham mice. However, a relative less reduction (by about 60%) was observed in our FIP model. This may be due to different models of sepsis (FIP in mice vs LPS in rats or CLP in mice). respiration and energy production, DNA repair and protein de-acetylation [43] , it is possible that boosting NAD + content in tissues may be beneficial to cell function and reduce various injury under pathological conditions. In fact, the present study demonstrates that a single dose of IP NR injection induced a transient increase in NAD + level (about 3 folds) in lungs of mice, which prevented lung and heart injury, and improved the survival in septic mice. Previous evidence showed that administration of NR effectively elevated NAD + levels in liver and muscle in mice [15, 28] . Thus, boosting NAD + with NR may also protect other organs in sepsis. [44, 45] , which makes it difficult to be replenished directly. Alternatively, NAD + can be biosynthesized from nicotinamide and niacin through the salvage pathway and from tryptophan through the de novo pathway [46] . Indeed, niacin was reported to dose-dependently increase NAD + levels in lungs and consequently, attenuate lung inflammation and improve the survival in endotoxemic rats [26] . Treatment with nicotinamide protected against acute liver injury and increased the survival in mouse models of endotoxemia and CLP-induced sepsis [47] . These prior studies support the protective effects of NAD + in sepsis. However, the use of niacin is limited by painful flushing [48] , and nicotinamide may inhibit SIRTs [49] , a family of de-acetylases required for various essentially cellular functions. On the contrary, administration of NR efficiently boosts intracellular NAD + levels without negatively affecting SIRT activity, and instead, increasing SIRT activities [16] [17] [18] [19] . Thus, NR has the potential to overcome limitations of other precursors while still providing the benefits of elevated NAD + .
It is important to mention that pre-treatment with NR provided protection whereas administration of NR after induction of sepsis did not show any protection in septic mice. This is because sepsis induced a rapid reduction of NR kinase 1/2 in lung and liver (data not shown), essential enzymes responsible for conversion of NR to NAD + [14, 15] .
Although the protection conferred by pretreatment with NR may limit the use of NR as a therapeutic agent for sepsis at this moment, administration of NR can provide a preventive approach for septic organ injury as NR has been widely used as a health supplement [27] . It is also worthwhile to mention that TBARS and DHE staining for ROS production may be not very specific. However, measurement of carbonyl protein content provided similar results and the use of PEG-SOD validated the measurement of ROS using DHE staining in the present study. 
Conclusions
NR reduces lung injury, attenuates myocardial dysfunction and improves the survival in sepsis via the NAD + /SIRT1 signaling (Fig. 9 ). Sepsis induces ROS production and inhibits NAD + /SIRT1 signaling, leading to HMGB1 release, apoptosis and inflammation, which contribute to organ injury. Nicotinamide riboside is converted to NAD + and subsequently activates SIRT1
signaling. Activation of SIRT1 inhibits ROS production and HMGB1 release thereby attenuating apoptosis and inflammation, and finally protecting against organ injury in sepsis. EX527 inhibits SIRT1 activation and reverses the protective effects of nicotinamide riboside on septic organ injury.
